Introduction
The hypothalamic-pituitary-adrenal axis (HPAA) regulates cortisol secretion from the adrenal glands. The HPAA has a clear circadian rhythm with high cortisol levels in the morning increasing rapidly after awakening and then decreasing throughout the day to reach a nadir during the late evening. It is also activated in response to threats to homeostasis (stress) (1) . Following release, cortisol negatively feedback upon the HPAA, acting via glucocorticoid receptors (GR) and mineralocorticoid receptors (MR). Negative feedback occurs not only in the hypothalamus and pituitary but also in higher brain structures, notably the prefrontal cortex (PFC) and the hippocampus (HC). The highest receptor density is present in the HC (2) . MRs have high affinity for cortisol and are, therefore, activated during the nadir at which cortisol levels are low, while the low-affinity GR requires higher cortisol levels achieved at the diurnal peak or on stress to become activated (3, 4) . In addition to regulation of the HPAA, the HC is central to episodic, declarative, and spatial memory function, and the PFC mediates executive function resulting in goal-directed behaviors (5) . Thus, the HC and PFC can integrate the cognitive resources and the neuroendocrine response needed to cope with a stressor.
The relationship between cortisol and these brain regions is bidirectional (6) . Several studies have found structural alterations of neurons such as shortening of apical dendrites, decreased dendritic arborization, and a decreased number of dendritic spines on pyramidal neurons in the HC and medial PFC in response to increased glucocorticoid levels and stress (7, 8) . It has been proposed that circulating cortisol levels are associated with cognitive performance in healthy humans, including both HC-dependent functions (9, 10) and PFC-dependent functions (10, 11, 12) . The relationships appear stronger with aging, and increased glucocorticoid action may underpin some of the cognitive loss in a subset of aged individuals.
In addition, some (9, 13, 14) but not all (15, 16) studies have found a negative association between cortisol levels in plasma or saliva and HC volume. High salivary cortisol levels have also been related to a thinner cortex in several PFC regions in healthy men (15) , but this has not been tested in women. Importantly, experimental research suggests gender-specific differences in the effects of glucocorticoids on PFC and HC neurons (17, 18) . Furthermore, a putative association between cortisol levels and HC volume is confounded by small samples (9) , coexisting depression (13) or cardiovascular disease (14) . Thus, the generalizability of previous results remains unclear.
Our hypothesis was that salivary cortisol levels are negatively associated with volumes of the PFC and hippocampus. We used both cortical area and thickness measurements for the PFC, as it has been suggested that these estimates may relate differently to cortisol levels (15) . We also hypothesized that salivary cortisol levels would be negatively related to cognitive functions that require a high level of PFC and HC functionality. We used a population-based sample of middle-aged and elderly women and men to evaluate putative gender differences in these associations.
Subjects and methods

Participants
All participants were part of the ongoing Betula Prospective Cohort Study on memory, health, and aging (19) . In this study, we used data collected at 2008-2010. Participants underwent a health examination consisting of anthropometric measurements, bloodpressure measurement, and questions regarding drug use and medical history over the last 5 years. Dementia was investigated via routine clinical methods. In a subsequent visit, cognitive tests were completed. The mean time between the health examination and cognitive testing was 12 days (s.d. 12.6 days, range 3-91 days). Additionally, 292 participants with complete cognitive data were randomly invited to take part in magnetic resonance imaging of the brain (MRI) after stratification for gender and age until a predefined number of MRI examinations were completed. Of the 292 individuals who participated in the MRI study, 92 participants were excluded due to the following reasons: incomplete saliva sampling (<4 samples, n = 87), diagnosed with dementia (n = 3), glucocorticoid drug treatment (n = 7), and inaccurate MRI image processing (n = 1) leaving 200 subjects for the analysis. For these 200 subjects, the mean time between cognitive testing and MRI examination was 298 days (s.d. 90 days, range 88-524 days).
The cohort consisted of 100 men and 100 women aged 55-80 years; there were no significant gender-based differences in age, level of education, or Mini-Mental State Examination (MMSE) results (Table 1) . Six participants had mild cognitive impairment (20) . Forty percent of the participants were normal weight (BMI 18.5-25 kg/m 2 ), 47% were overweight (BMI 25-30 kg/m 2 ), and 13% were obese (BMI ≥30 kg/m 2 ). Sixty-seven percent of the sample had hypertension (blood pressure >140/90 mmHg, antihypertensive drug treatment, or self-reported diagnosis of hypertension, Table 1 ). Overall, 9.5% of patients had heart disease (angina pectoris or previous myocardial infarction), 1% had a history of stroke, and 7% had type 2 diabetes. Eight participants were current smokers. Fifteen participants used antidepressive drugs, one used antipsychotic drugs, and three used antiepileptic drugs. Fourteen participants had sought care for depression, exhaustion, or memory complaints during the 5 years preceding the measurements, and one suffered from Parkinson's disease. The 92 participants who did not provide four saliva samples were treated with glucocorticoids or who had dementia were excluded from this study 
Saliva cortisol levels
At time point 5 (during a workday or weekend), participants were instructed to sample saliva during 1 day at 07:00, 11:00, 16:00, and 23:00 h. All but two participants sampled saliva during the period between the health examination and cognitive testing. The two participants that did not return their samples at the time of cognitive testing did so 24 and 59 days later. Participants were instructed not to eat, brush their teeth, or smoke 1 h before sampling and to store their saliva in the refrigerator for up to 1 day before handing it over to the research staff. Saliva samples were frozen at −20°C in 4-6 years until cortisol levels were measured. Samples were analyzed in one batch with a chemiluminescence immunoassay (IBL International GmbH, Hamburg, Germany). The inter-and intra-assay coefficients of variation for the analysis were <8%. The AUC with respect to ground was calculated according to the formula presented by Pruessner and coworkers (21) .
MRI acquisition
Brain imaging was performed on a General Electric 3 T Discovery MR750 scanner with a 32-channel head coil. High-resolution T1-weighted images were collected with a 3D fast spoiled gradient echo sequence using the following parameters: 180 slices with 1 mm thickness, TR 8.2 ms, TE 3.2 ms, flip angle 12°, field of view 25 × 25 cm.
MRI data analysis
FreeSurfer version 5.3 was used to anatomically segment the structural T1-weighted images. These methods were described previously in detail (22, 23) . In short, images were normalized and motion-corrected, non-brain tissue was removed, and the images were transformed to the Talairach space. The maximum shift in signal intensity was used to localize the boundaries between gray matter, white matter, and cerebrospinal fluid. The white-matter surface was inflated to visualize the gyral and sulcal areas simultaneously. White matter, subcortical gray-matter structures, and the cortical surface were segmented. The distance from the border between white and gray matter to the pial surface was estimated with an automated algorithm and used as a measure of cortical thickness. Surface area was calculated at the border between white and gray matter. Segmentation of HC was performed automatically in Freesurfer according to a previously described method (22) and intracranial volume was estimated as specified previously (24) . The MRI images were quality controlled by a technician and the data were checked for outliers. One participant was excluded due to inadequate imaging processing. The association with saliva cortisol levels was evaluated for the following brain areas: superior, middle, and inferior frontal gyrus; the anterior cingulate gyrus; orbitofrontal cortices (Fig. 1) ; and the HC. Each hemisphere was analyzed separately since previous research has suggested that regulation of the HPAA may be lateralized (25) .
Cognitive testing
The following five episodic memory tests were used as a composite measure of episodic memory performance: immediate free recall of nouns in 16 short verb-noun sentences encoded verbally and visually; delayed cued recall of nouns in the same sentences; immediate free recall of nouns in 16 other short verb-noun sentences encoded by enactment; delayed cued recall of nouns in the same sentences; and immediate free recall of 12 nouns encoded verbally. Three tests were used as a composite measure of semantic memory performance. For 1 min, participants generated as many words as possible: (1) starting with an A, (2) five-letter words beginning with M, and (3) professions starting with a B. Adding up the score from each individual test created both composite measures. Visuospatial ability was tested with the block-design task from the Wechsler Adult Intelligence Scale. A 2-back test of 20 words was used to assess working memory performance; results were reported as the percentage of correct answers.
Statistical analysis
The AUC for cortisol levels and the cortisol level at 23:00 h had skewed distributions and were logarithmically transformed before analysis. Multivariable linear regression analyses were performed with the hippocampal volume, cortical surface area, and cortical thickness of each analyzed brain region as dependent variables and saliva cortisol levels (AUC or cortisol level at 23:00 h) as predictors. These models included age, gender, and total intracranial volume as covariates. The following other potential confounders were also assessed but were not significantly associated with cortisol levels, cognitive performance, or brain structure, and were, therefore, excluded: body mass index, waist circumference, systolic blood pressure, reported diagnosis of hypertension or use of antihypertensive agents, type 2 diabetes, previous or present ischemic heart disease (angina or myocardial infarction), and stroke or transient ischemic attack. Total intracranial volume was not associated with cortical thickness and, therefore, excluded as a covariate in the models assessing cortical thickness. Subsequently, an interaction term with AUC for cortisol levels or cortisol level at 23:00 h × gender was added to the model to evaluate putative gender effects on the relationship between cortisol levels and brain morphology. For those brain areas with a significant interaction (P < 0.05), post hoc analyses with men and women separated were performed.
Similar linear regression analyses were performed to test whether AUC for cortisol levels or cortisol level at 23:00 h was associated with performance on cognitive tests. Age, gender, and level of education and the interaction term cortisol measure x gender were added as covariates in the multivariable analysis because none of the other covariates were related to cognitive performance. Finally, we tested whether the cortical surface area and thickness of studied brain regions significantly associated with cortisol levels after adjustment for multiple comparisons were associated with performance on cognitive tests. In this multivariable analysis, we used age, gender, total intracranial volume, and level of education as covariates. All analyses were repeated, excluding the 37 participants with a reported history of epilepsy, Parkinson's disease, depression, schizophrenia, memory complaints, and/or exhaustion syndrome. A two-tailed alpha level <0.05 was considered to be significant. The false discovery rate (FDR) (26) 
Results
Cortisol levels and prefrontal cortical surface area
Cortisol levels were highest in the morning, decreased throughout the day, and were lowest at 23:00 h, as expected ( Table 2) . No associations were found between cortisol levels and gender, age, or level of education (data not shown).
In general, women had smaller hippocampi, smaller cortical surface areas, and greater cortical thickness compared with men (Supplementary Table 1 , see section on supplementary data given at the end of this article). After adjusting for covariates, the AUC for cortisol levels was significantly associated with smaller cortical surface area in eight prefrontal brain regions; left rostral and caudal anterior cingulate gyrus; right lateral orbitofrontal cortex; left and right medial orbitofrontal cortex; left and right rostral middle frontal gyrus; and right superior frontal gyrus ( Table 3) . The association in the medial orbitofrontal cortices and superior frontal gyrus did not reach an FDR adjusted P < 0.05. The strongest association was with surface area of the left caudal anterior cingulate cortex (Fig. 2) .
The interaction between AUC for cortisol levels and gender was nonsignificant in all brain regions except the left rostral middle frontal gyrus, indicating that these AUC, area under the curve given as (nmol/L × h). P = P-value for differences between men and women tested with Mann-Whitney U test.
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negative associations were present in both men and women (Table 3 ). In the left rostral middle frontal gyrus, the negative association between AUC for cortisol levels and cortical surface area was present in women (β = −0.28, P = 0.003) but not in men (β = 0.069, P = 0.44).
Cortisol levels and prefrontal cortical thickness
AUC for cortisol levels was positively associated with cortical thickness in the left rostral anterior cingulate gyrus, left medial orbitofrontal cortex, and the caudal middle frontal gyrus bilaterally (Table 3 ), but none of these associations reached an FDR adjusted P < 0.05. In the left and right caudal middle frontal gyrus, there was a significant interaction between AUC for cortisol levels and gender (Table 3) , and the post hoc analysis revealed that the positive association was present in women (left β = 0.22, P = 0.03; right β = 0.26, P = 0.009) but not in men (left β = −0.054, P = 0.56; right β = −0.12, P = 0.19). All associations between cortisol levels and cortical surface area and thickness remained significant when the 37 participants with a reported history of epilepsy, Parkinso n's disease, depression, schizophrenia, memory complaints, exhaustion syndrome, and/or drug treatments related to these disorders were excluded from the analyses (data not shown).
Cortisol levels and hippocampal volume
Total HC volume was not associated with either AUC for cortisol levels (left: β = −0.028, P = 0.64, right: β = −0.018, P = 0.77) or cortisol level at 23:00 h (left: β = −0.028, P = 0.63, right: β = 0.009, P = 0.89).
Cortisol levels and cognitive test results
Women performed better than men on the episodic and semantic memory tasks (Table 4 ). There were no significant associations between the cortisol measures and cognitive test performance (Table 5 ). However, there was a significant interaction between AUC for cortisol levels and gender on performance on the two-back test ( Table 5) . The post hoc analysis revealed that in men, higher AUC cortisol levels were associated with lower test scores (β = −0.21, P = 0.044), but this association was not present in women (β = 0.14, P = 0.18). Notably, this association did not remain significant after FDR adjustment and was driven by the two men with highest cortisol levels; when these were excluded from the model, the association disappeared (β = −0.078, P = 0.47).
Prefrontal cortical surface area and cognitive performance
Since higher AUC for cortisol levels were associated with smaller cortical surface areas in prefrontal brain regions after adjustment for multiple comparisons, the relationship between cortical surface area in these brain regions and cognitive test scores was analyzed. Cortical surface area in the left rostral anterior cingulate gyrus was associated with semantic memory performance (β = 0.18, P = 0.022) and cortical surface area in the left caudal anterior cingulate gyrus (β = 0.14, P = 0.033) and right rostral middle frontal gyrus (β = 0.19, P = 0.019) was associated with visuospatial performance. These associations did not remain significant after FDR adjustment.
Discussion
The AUC for saliva cortisol levels was associated with smaller cortical surface areas in the left anterior cingulate gyrus, the right lateral orbitofrontal cortex, and the rostral middle frontal gyrus bilaterally, i.e. subregions of the prefrontal cortex. Notably, these associations remained significant after adjusting for multiple comparisons. However, neither the AUC nor cortisol level at 23:00 h was related to HC volume. This pinpoints a link between 
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A Stomby and others Cortisol levels and prefrontal cortex prefrontal cortex and cortisol exposure in humans, without a clear link between HC and cortisol levels. Studies testing the association between cortisol levels, cortical surface area, and thickness, instead of the composite measure cortical volume, are sparse. This is important since recent findings indicate that cortical surface area and thickness are genetically uncorrelated (27) , and seem to be differentially related to cognitive performance (27) and diseases such as Alzheimer dementia (28) . Based on findings among 388 middle-aged men, we hypothesized that higher cortisol levels would be related to a thinner cortex but not smaller cortical surface area (15) . However, our results instead suggest a link between high total exposure and small cortical surface area, but not thin cortex in several prefrontal brain regions.
In our sample, the negative association between AUC for cortisol levels and cortical surface area was particularly strong in the left caudal anterior cingulate gyrus. This brain region has previously been suggested to be important for regulation of the HPAA; elderly men with impaired cortisol suppression after dexamethasone have smaller left anterior cingulate cortex volumes than those with normal suppression (29) . Our result extends this finding to include both genders and cortisol levels under physiological conditions as compared with levels after pharmacologic suppression. We expected a weaker association between cortisol levels and brain morphology in women than men, based on experimental data (18, 30) , but this was not supported by our results. Importantly, all women in our sample were older than 55 years and thus were probably postmenopausal. This may have had a major influence in our results, and further studies including both premenopausal and postmenopausal women are warranted.
In rodents, lesions in the medial PFC increase cortisol levels in response to stressors (31) . Furthermore, chronic stress causes a loss of dendritic spines in the rat medial PFC, subsequently leading to increased HPAA response to an acute stressors (8) . Taken together, the relationship between the medial PFC and the HPAA seems to be bidirectional: the medial PFC inhibits the HPAA but is adversely affected by increased stress and glucocorticoid levels. Our results suggest that the medial prefrontal cortex is linked to the HPAA in humans as well. With our study design, we cannot test a cause-effect relationship between cortisol levels and medial PFC structure. However, chronic glucocorticoid treatment and Cushing's syndrome with chronically elevated cortisol levels are associated with lower prefrontal brain volume, altered functional connectivity of the limbic system, and impaired cognitive functions (32, 33, 34, 35) , suggesting that elevated cortisol levels cause, rather than are a consequence of, altered PFC structure and function.
We did not find any convincing direct associations between cortisol levels and the tested cognitive domains. This is in contrast to earlier data showing associations between elevated cortisol levels in healthy individuals and impairment of cognitive functions dependent on the PFC such as executive functions, attention, processing speed, and semantic memory (11, 12, 16, 36) . However, the positive relationship between surface area of the left anterior cingulate gyrus and semantic memory performance as well as visuospatial performance may indicate a potential for high cortisol levels to cause impaired cognition. The clinical importance of an association between cortisol levels and brain structure but not cognitive functions is not clear. Future prospective studies linking cortisol levels to cognitive decline and alterations in brain structure over time could shed further light on a putative negative effect of increased cortisol levels on cognitive functions.
The lack of association between either total cortisol exposure or late night cortisol levels and volume of the HC do not support data from rodents and primates, suggesting powerful effects of increased glucocorticoid levels on HC morphology (37, 38, 39, 40) . However, these experimental studies have used high doses of glucocorticoids or stress exposure while the majority of participants in our study had cortisol levels within the normal range. Prospectively increasing cortisol levels have been related to reduced HC volume in elderly men (9) , but other studies of HPAA activity have not confirmed these findings (15, 16, 41) . Furthermore, a cross-sectional analysis of subjects with atherosclerotic disease revealed that high late-evening salivary cortisol levels and high morning post-dexamethasone cortisol levels were related to lower HC volume (14) . In summary, the association between cortisol levels and HC volume appears to be weak and perhaps may only be evident when examined prospectively or in individuals with other comorbidities. Notably, a potential link between high cortisol levels and hippocampal atrophy may be masked when measuring total HC volume since experimental studies suggests that subregions within the HC such as the dentate gyrus may be particularly sensitive to glucocorticoids (2, 42) . Furthermore, repeated cortisol measurements over several days would provide a better measure of chronic cortisol exposure. Thus, future studies using high-resolution MRI to measure volume of HC subregions as well as chronic cortisol exposure would be of great interest. Potential limitations in our study include the singleday cortisol measurements. Importantly, basal serum cortisol levels measured more than 1 year apart have a correlation coefficient of ~0.5 (43, 44) , a correlation that seems to be consistent also after exposure to stressors (44) . Diurnal rhythm may have influenced cortisol levels, and we lacked information about the subjects' waking times, the exact sampling time, and whether cortisol was sampled during a workday or weekend. Other factors that may influence cortisol secretion, e.g. physical activity was not controlled for either. Due to logistic purposes, the cortisol samples were collected several months before the MRI examination. Morphological brain changes could, therefore, have occurred after the saliva sampling. However, all PFC regions that were associated with cortisol levels in our study have been found to be associated with indices of HPAA activity or to be affected by elevated cortisol levels previously (15, 29, 32, 34, 45) .
Strengths of the study include the use of a large population-based sample of both women and men with a relatively broad age span. Detailed medical histories enabled us to control for possible influences of neurological, psychiatric, cardiovascular, and metabolic diseases, increasing the external validity of our results compared with previous studies. Furthermore, we corrected our results for multiple comparisons, in contrast to previous studies, which have not used any means of correction.
In conclusion, in a sample of middle-aged and elderly women and men drawn from a representative population cohort, we found an inverse association between cortisol levels and medial prefrontal cortex morphology in particular. Future prospective studies could yield further insight into the suggested cause-effect relationship between cortisol levels, brain structure, and cognitive functions.
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